Blue light was found to induce shrinkage of the protoplasts isolated from first-leaf lamina pulvini of 18-day-old Phaseolus vulgaris. The response was transient following pulse stimulation, while it was sustainable during continuous stimulation. No apparent difference was found between flexor and extensor protoplasts. Protoplasts of the petiolar segment located close to the pulvinus showed no detectable response. In the plants used, the pulvinus was fully matured and the petiole was ceasing its elongation growth. When younger, 12-day-old, plants were used, however, the petiolar protoplasts did respond to blue light. The pulse-induced response was similar to that in pulvinar protoplasts, although the response to continuous stimulation was transient and differed from that in pulvinar protoplasts. No shrinkage was induced in pulvinar protoplasts when the far-red-light-absorbing form of phytochrome was absent for a period before blue-light stimulation, indicating that the blue-light responsiveness is strictly controlled by phytochrome. Inhibitors of anion channels and H + -ATPase abolished the shrinking response, supporting the view that protoplasts shrink by extruding ions. The response of pulvinar protoplasts is probably involved in the blue-light-induced, turgor-based movement of pulvini. The blue-light responding system in pulvini is suggested to have evolved from that functioning in other growing organs.
Introduction
The motor cells (cortical parenchyma cells) of the pulvinus, a specialized leaf structure, can effectively change their volume in response to turgor pressure. Leguminosae plants typically have such a pulvinar structure and can carry out leaf movements by controlling the motor-cell turgor asymmetrically across the pulvinus and thereby bending it. These plants show diurnal leaf movements -opening in the light period and closing in the dark period -which are, in principle, controlled by a circadian clock (Bünning 1973) . In addition, light can directly induce pulvinar bending. In plants such as Samanea saman, a blue-light-sensitive photonastic response contributes to the leaf opening in the light period (Satter 1979) . A bluelight-sensitive phototropic response also contributes to the leaf orientation (Koller 1990 ). In the trifoliate leaf of Phaseolus vulgaris, for example, the terminal-leaflet pulvinus (used here as synonymous to the pulvinule) shows positive phototropic bending by responding to one-directional blue light (Koller and Ritter 1994, Koller et al. 1996) .
During diurnal movements, opposing changes in motorcell volume occur between the upper and the lower half of the pulvinus, and ions (mainly K + and Cl -) move from the shrinking to the swelling motor cells (Satter et al. 1973 , Satter et al. 1977 , Kiyosawa 1979 . Similar principles probably account for the blue-light-sensitive photonastic and phototropic responses (Satter et al. 1973 , Irving et al. 1997 ). The studies with S. saman have indicated that plasma-membrane-located ion transporters play central roles in the process of turgor regulation (Coté 1995, Mayer and Hampp 1995) . Evidence has been provided that the diurnal movement controlled by a circadian clock, with or without participation of the photonastic response, is based on ion-channel properties that are distinct between the extensor and the flexor motor cells (Kim et al. 1992, Moshelion and . Not much is known about the ion transporters or channels that specifically contribute to the blue-light-sensitive pulvinar bending. Recently Suh et al. (2000) have demonstrated that blue light activates an outward rectifying K + channel.
The first-leaf pulvinus of P. vulgaris bends upward when irradiated with blue light from the flexor side (Nishizaki 1987) . In view of the work of Koller et al. mentioned above, this bending response is probably phototropic rather than photonastic. In the flexor cells of this pulvinus, blue light has been shown to depolarize plasma membrane (Nishizaki 1987 , Nishizaki 1988 , to induce apoplastic alkalization (Okazaki et al. 1995) , and to enhance the apoplastic concentration of K + (Okazaki et al. 2000) . These responses could account for the shrinking of flexor cells that takes place during the upward bending of the pulvinus.
It has been shown that blue light induces shrinking of the protoplasts isolated from various organs of red-light-grown seedlings, which include maize coleoptiles (Wang and Iino 1997) , Arabidopsis thaliana hypocotyls (Wang and Iino 1998) , pea stems , and maize and pea leaves (Wang and Iino, unpublished) . The responses observed in different materials were similar, suggesting that they are mediated by a common blue-light transduction mechanism. These studies have provided a wealth of information: (1) sensitivity to blue light changes during continuous stimulation, indicating participation of photosensory adaptation (Wang and Iino 1997) ; (2) cryptochrome 1 mediates the response (Wang and Iino 1998) ; (3) the blue-light responsiveness is regulated by phytochromes A and B Iino 1998, Long and Iino 2001) ; (4) the decrease in osmotic solutes for protoplast shrinkage is caused by net efflux of ions Iino 1997, Wang and Iino 1998) , with the possible participation of anion channel activation (Cho and Spalding 1996) . It has been suggested that the response is involved in the control of elongation growth (Wang and Iino 1997 , Wang and Iino 1998 . The osmoregulation underlying the protoplast-shrinking response is thought to result in a decrease in turgor when expressed in the cells. It has not yet been clarified, however, whether such a turgor change is directly involved in the control of growth .
The fact that a similar blue-light-induced shrinking of protoplasts occurs in various tissues of the plant shoot suggests that it also occurs in pulvinar motor cells. If this were the case, then the response could be correlated to the motor cell shrinkage observed during blue-light-induced pulvinar movement. So far, the protoplast-shrinking response has been found in tissues of growing organs. In fact, the shrinking response disappears as the stem ceases to grow in peas . It would be of interest to know whether protoplasts of matured, nongrowing pulvini, which undertake actual movement responses, have the ability to express the response. Further interesting questions would be whether the protoplasts of petioles also show the response and, if they do, what kind of relationship holds between petioles and pulvini. The present study was initiated to clarify these questions. The first simple leaf of P. vulgaris was chosen as the material.
Results

Blue-light-induced shrinking of pulvinar protoplasts
Following the standard procedures described in Materials and Methods, protoplasts were isolated from the laminar pulvini of 18-day-old plants under red working light (2-3 mmol m -2 s -1 ). As shown in Fig. 1 , these plants had fully matured pulvini. Because the central vascular tissues were removed before protoplast preparation, the isolated protoplasts probably derived, for the most part, from cortical motor cells.
Freshly isolated protoplasts were incubated under background red light (50 mmol m -2 s -1
) on the sample stage of an inverted microscope (see Materials and Methods) . During this incubation the protoplasts maintained, on average, a constant volume (Fig. 2) . When stimulated with a 30-s pulse of blue light (125 mmol m -2 s -1
) while being incubated under red light, protoplasts responded with rapid shrinkage (Fig. 3) . The shrinkage could be detected 1 min after the onset of the bluelight pulse, and the minimal volume (about 96.5%) was established at 3-4 min. In the subsequent 10-min period, the protoplasts swelled to recover their volume to the initial level. Fig. 1 Daily elongation growth of pulvini and petioles in the first leaf of Phaseolus vulgaris. The lengths of lamina pulvini and those of petioles (including primary pulvini) were measured separately with slide calipers at the middle of the light period. The means ± SE from seven plants are shown; the value for each plant is the mean from a pair of leaves. The vertical dashed lines indicate the age of materials used for experiments. Fig. 2 The volume of pulvinar protoplasts during incubation under background red light. Protoplasts were prepared under red light (2-3 mmol m -2 s -1 ) from the laminar pulvini of 18-day-old P. vulgaris. The protoplasts, freshly isolated and suspended in a medium containing 0.5 M sorbitol, 10 mM KCl, 1 mM CaCl 2 , 20 mM glucose, and 10 mM MES-Tris (pH 6.0), were incubated under continuous red light
) on the sample stage of an inverted microscope. From 10 min after the onset of incubation, the protoplasts in a selected microscopic field were subjected to time-lapse photography to monitor their volume. The relative volume of each protoplast in the series of photographs was calculated as a percentage of the volume at time zero (the time at which the first photograph was obtained). The means ± SE from 74 protoplasts are shown.
As shown in Fig. 4A , pulvinar protoplasts also shrank in response to continuous blue light (70 mmol m -2 s -1
). The shrinkage progressed for a period of about 30 min after the onset of stimulation. The protoplasts maintained the reduced volume in the subsequent period. When blue-light irradiation was terminated at 36 min, the protoplasts began to recover their volume towards the initial level (Fig. 4B ).
In the above experiments, protoplasts were isolated from the entire pulvinus. As shown in Fig. 5 , the protoplasts isolated from only the flexor (adaxial) half or the extensor (abaxial) half responded similarly to a pulse of blue light. Thus, the result did not reveal any difference between the flexor and the extensor cells.
The actual size of the analyzed protoplasts varied considerably (see Materials and Methods). To investigate whether the response in relative volume is related to the protoplast size, the protoplasts used to obtain the results in Fig. 3 and 4 were divided into three groups (small, medium, and large) with respect to the volume at time zero. The division was made in such a way that equal, or nearly equal, numbers of protoplasts were distributed into the three groups. The change in relative volume was essentially similar among the three size groups, indicating that most protoplasts responded similarly to blue light (data not shown).
Blue-light-induced shrinking of petiolar protoplasts
In order to investigate whether the protoplast-shrinking response is unique to pulvini, the protoplasts isolated from the petiolar segment (5 mm) adjacent to the laminar pulvinus were subjected to the same blue-light treatments. These protoplasts showed no detectable response to a pulse of blue light (Fig.   6A ). Also, no detectable response followed continuous stimulation (Fig. 6B) .
In the experiments so far described, protoplasts were isolated from 18-day-old plants. In these plants, the petiole is in a late stage of elongation growth (Fig. 1) . We next used protoplasts isolated from the rapidly elongating petiole of 12-dayold plants ( Fig. 1) . The protoplasts were again isolated from the 5-mm zone adjacent to the laminar pulvinus. These protoplasts showed clear shrinkage in response to a blue-light pulse (Fig.  7A) . The extent and kinetics of the response were similar to those found in pulvinar protoplasts (Fig. 3) . The protoplasts also responded to continuous blue light (Fig. 7B ). Unlike the case in pulvinar protoplasts (Fig. 4A) , however, the response to continuous blue light was found to be transient; the protoplasts shrank during the first 10-min period of irradiation and swelled in the subsequent period of about 40 min, to recover their volume near to the initial level.
Additional analyses of the results shown in Fig. 6 and 7 were carried out to investigate whether the blue-light-induced response in 12-day-old plant or the lack of response in 18-day- Fig. 3 The shrinking of pulvinar protoplasts induced by a blue-light pulse. Freshly isolated protoplasts were incubated under background red light as described for Fig. 2 . The protoplasts were exposed to a 30-s pulse of blue light (125 mmol m -2 s -1 ) immediately after obtaining the photograph at time zero, which was 65 min after the onset of incubation on the microscope stage. The relative volume of each protoplast was calculated as a percentage of the volume at this time point. The means ± SE from 81 protoplasts are shown. old plants is related to the actual protoplast size. Time courses obtained separately for three size groups (see above) were essentially identical to that obtained for the entire protoplasts, indicating that our conclusions described above are not affected by the size of protoplasts (data not shown).
These results demonstrated that the blue-light-sensitive shrinking response is not an exclusive property of pulvinar protoplasts, but can also be induced in petiolar protoplasts. In contrast to the response of pulvinar protoplasts, however, the response of petiolar protoplasts appeared to diminish as the petiole ages and its growth activity declines. It was also noted that the response to continuous stimulation is largely transient in petiolar protoplasts while it is sustainable in pulvinar protoplasts.
Phytochrome regulation of the blue-light responsiveness in pulvinar protoplasts
In protoplasts of Arabidopsis hypocotyls and pea internodes, the occurrence of the blue-light-induced shrinking response was found to be under strict control of phytochrome Iino 1998, Long and Iino 2001) . In Arabidopsis protoplasts, the blue-light responsiveness of red-light-adapted protoplasts disappeared in the dark when they were pretreated with a pulse of far-red light; the blue-light responsiveness could be re-established by treatment with a pulse of red light, but after a lag time of about 15 min (Wang and Iino 1998) .
We investigated whether a similar phytochrome control occurs in pulvinar protoplasts. As shown in Fig. 8A , the pulvinar protoplasts pretreated for 45 min with darkness showed a shrinking response, which was similar to the one found without the pretreatment (Fig. 3) . However, when the protoplasts were exposed to a pulse of far-red light at the beginning of the 45-min pretreatment period, the shrinking response could not be induced (Fig. 8B ). When this far-red light pulse was immediately followed by a red light pulse, the shrinking response became inducible again, although the response was somewhat smaller than that found in protoplasts treated with only darkness (Fig. 8C ). These results indicate that the ability of pulvinar protoplasts to respond to blue light is controlled by phytochrome in a red light/far-red light reversible manner and that the response cannot be induced when there is no P FR in advance of blue-light stimulation.
In the experiments of Fig. 8 , blue light was administered after the background red light irradiation was resumed. Therefore, the results also indicate that the P FR produced during and after blue-light stimulation could not contribute to the occurrence of the shrinking response. Ion relationships in blue-light-induced shrinking of pulvinar protoplasts
The effect of vanadate, an inhibitor of plasma membrane H + -ATPase, on the blue-light-induced shrinking response of pulvinar protoplasts was investigated. As shown in Fig. 9A , the protoplasts shrank by about 2% during incubation in the vanadate-containing medium (compare with Fig. 2 ). This shrinkage began about 40 min after the onset of incubation on the microscope stage or about 60 min after the protoplasts were put in contact with vanadate. The shrinking continued for about 30 min. In the experiment of Fig. 9B , a pulse of blue light was administered when the vanadate-treated protoplasts more or less reached a steady volume. No further shrinkage could be induced, indicating that the occurrence of the blue-lightinduced shrinking response requires the activity of plasma membrane H + -ATPase. The blue-light-induced shrinking responses in protoplasts of maize coleoptiles (Wang and Iino 1997) and Arabidopsis hypocotyls (Wang and Iino 1998) were inhibited by 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB), a potent inhibitor of anion channels (Cho and Spalding 1996) . As shown in Fig.  10 , the shrinking response of pulvinar protoplasts was also inhibited by NPPB. The concentration of 15 mM was sufficient to cause nearly complete inhibition.
Discussion
Blue-light-induced shrinking of pulvinar protoplasts and its biological implication
Blue light was shown to induce shrinkage of the motorcell protoplasts obtained from matured, non-growing laminar pulvini of P. vulgaris. The kinetics and the extent of the ). Following the 45-min treatment periods, background red light irradiation was resumed, time-lapse photography for volume determination was initiated, and the protoplasts were treated with a 30-s pulse of blue light; the onset of red light, the first photograph at time zero, and the onset of blue light were within a few s of each other. The treatment protocol is illustrated in each panel (black bar = darkness; FR = far-red light; R = red light; B = blue light). The volume of each protoplast was calculated as a percentage of the volume at time zero, the time at which the first photograph was obtained. The means ± SE from 42 (A), 44 (B), and 39 (C) protoplasts are shown.
response induced by a blue-light pulse (Fig. 3) were very similar to those recorded in the protoplasts of maize coleoptiles (Wang and Iino 1997) , Arabidopsis hypocotyls (Wang and Iino 1998) , pea internodes , and maize and pea leaves (Wang and Iino, unpublished) under comparable light conditions. Furthermore, the ability of pulvinar protoplasts to respond to blue light was shown to be under strict control of phytochrome (Fig. 8) , as was the case in Arabidopsis and pea protoplasts Iino 1998, Long and Iino 2001) . These similarities suggest that the shrinking responses found in protoplasts of different tissues or organs, including those of pulvinar motor cells, are mediated and controlled by common light perception and transduction systems.
The protoplasts isolated from petiolar segments also underwent shrinkage in response to blue light, and the pulse-induced response was again similar to those recorded in the protoplasts of other tissues (Fig. 7) . In contrast to the response of pulvinar protoplasts, however, the response of petiolar protoplasts is agedependent and undetectable in a late stage of elongation growth (Fig. 6) . A similar age-dependent feature was also noted for the protoplasts of pea stems .
It is apparent that the pulvinar motor cells share with cells of growing tissues the blue-light-receptor system causing protoplast shrinkage and the phytochrome system controlling the blue-light responsiveness. Recently the protoplasts of pulvinar motor cells have been shown to swell in response to auxin and to shrink in response to abscisic acid, analogous to the growth responses induced by these plant hormones . We speculate that various signal perception and transduction systems involved in the control of motor-cell turgor evolved from those more commonly associated with the activity of cell growth.
Response to continuous blue light: a property unique to pulvinar protoplasts
Although the protoplast-shrinking response to a blue-light pulse was similar for different materials, the response to continuous stimulation was not. In pulvinar protoplasts, continuous stimulation caused a sustained shrinkage (Fig. 4A) . Because the protoplasts began to swell when the blue light had been turned off (Fig. 4B) , the sustained shrinkage was apparently due to continuous input of blue light. In contrast, petiolar protoplasts recovered their volume after showing shrinkage, as if the blue light had been turned off (Fig. 7B) . Such a transient shrinkage was also recorded in the protoplasts of maize coleoptiles (Wang and Iino 1997) and Arabidopsis hypocotyls (Wang and Iino 1998) . At least in Arabidopsis protoplasts, however, a portion of the initial shrinkage was clearly sustained after the recovery phase (Wang and Iino 1998 ). It appears that the shrinking response to continuous stimulation consists of transient and sustainable responses and that the relative extent of Fig. 9 Effects of vanadate on the volume of pulvinar protoplasts and on the blue-light-induced protoplast shrinking. Freshly isolated pulvinar protoplasts were washed with and suspended in the bathing medium containing 500 mM vanadate and incubated under background red light. (A) The protoplast volume during incubation in a vanadatecontaining medium; time zero was 10 min after the onset of incubation on the microscope stage (about 30 min after protoplasts were put in contact with vanadate). (B) The effect of vanadate on the shrinking response induced by a blue-light pulse. Time zero was 65 min after the onset of incubation (about 85 min after protoplasts were put in contact with vanadate). The means ± SE from 35 (A) or 34 (B) protoplasts are shown. Other details were as described for Fig. 2, 3 . Fig. 10 The effect of NPPB on the blue-light-induced shrinking of pulvinar protoplasts. Protoplasts were isolated and incubated under background red light as described for Fig. 2 . NPPB was added to the bathing medium 20 min before time zero to the final concentration of 15 mM. The protoplasts were exposed to a blue-light pulse immediately after time zero. The means ± SE from 35 protoplasts are shown. Other details were as described for Fig. 3 . the sustainable response depends on tissues or organs. The pulvinar protoplasts are unique, in the sense that they do not show any clear transient response.
Work with maize coleoptile protoplasts has indicated that sensory adaptation takes place in the blue-light-induced shrinking response; i.e. the blue-light sensitivity is reduced during continuous stimulation in response to the blue-light stimulus itself (Wang and Iino 1997) . The transient feature of the shrinking response to continuous stimulation has been interpreted in terms of this adaptation phenomenon. The fact that the corresponding response of pulvinar protoplasts is not transient might then suggest that these protoplasts lack the ability to undergo sensory adaptation.
Interestingly, however, it is noted that pulse stimulation was more effective than continuous stimulation in bringing about the initial shrinkage of pulvinar protoplasts. In the experiments of Fig. 3 and 5, the 30-s blue-light pulse provided a fluence of 3.8´10 3 mmol m -2
. Although this fluence was achieved within the first 1 min of the continuous stimulation in the experiments of Fig. 4 , the response measured 3 min after the onset of pulse stimulation was much greater than the response measured 3-6 min after the onset of continuous stimulation. This relationship suggests that the sensory adaptation takes place even in pulvinar protoplasts. Because a similar relationship is noted for petiolar protoplasts (Fig. 7) , it does not seem that the adaptation is initiated much earlier in pulvinar protoplasts than in petiolar protoplasts. It might be that the adaptation develops over a longer period, and to a greater extent, in the protoplasts showing the volume recovery. Further investigation is necessary to resolve the mechanism underlying the volume recovery, and to understand why the pulvinar protoplasts show only a sustainable response.
Mechanisms underlying the blue-light-induced protoplast shrinking
The analysis using photoreceptor-deficient mutants has indicated that the blue-light-induced shrinking of Arabidopsis hypocotyl protoplasts is almost entirely mediated by cryptochrome 1 (Wang and Iino 1998) . It is anticipated that a cryptochrome homologue is responsible for the shrinking responses found in pulvinar and petiolar protoplasts. Protoplasts shrink because they lose osmotic solutes. Some lines of evidence have indicated that an enhanced ion efflux through the plasma membrane is responsible for the solute loss in Arabidopsis protoplasts (Wang and Iino 1998) . The results that the shrinking response of pulvinar protoplasts is abolished by NPPB and vanadate, which would interfere directly or indirectly with the ion efflux activity (see below), are in agreement with this conclusion (Fig. 9, 10) .
The application of patch clump techniques has uncovered the evidence that blue light activates plasma-membrane ion channels that are involved in ion efflux. These channels include anion channels of Arabidopsis hypocotyls (Cho and Spalding 1996) and outward-rectifying K + channels of Samanea pulvini (Suh et al. 2000) . The blue-light-induced shrinking of pulvinar protoplasts may involve the activation of anion channels and/or outward-rectifying K + channels. The inhibition of the protoplastshrinking response by NPPB is to be expected if the activation of anion channels mediates the protoplast-shrinking response. For the observed shrinkage, charge-balancing effluxes of anions and cations must be assumed. Therefore, the inhibition by NPPB does not disagree with the alternative explanation based on K + channels activation. Another possible mechanism that can account for the protoplast-shrinking response is the inhibition of plasma membrane H + -ATPase (Nishizaki 1994 , Okazaki et al. 1995 , Nishizaki 1996 . We found that protoplasts undergo some shrinkage when treated with vanadate and that the blue-light pulse given after this shrinkage cannot induce any further shrinkage (Fig. 9) The plasma membrane of hypocotyl cells is transiently depolarized by a pulse of blue light and also following the onset of continuous blue light Cosgrove 1989, Cho and Spalding 1996) . These depolarization responses occurred more transiently than the protoplast-shrinking response induced by a blue-light pulse. Based on this relationship, it has been hypothesized that anion channels are first activated to cause depolarization and outward rectifying K + channels are subsequently activated to cause repolarization and that anions (mainly Cl -) and K + leak through the activated channels to account for the protoplast shrinkage (Wang and Iino 1998) . As discussed below, however, the results from pulvinar motor cells challenge this explanation. Nishizaki (1988) reported earlier that the plasma membrane of Phaseolus pulvinar motor cells is depolarized by a pulse of blue light. This depolarization progressed more slowly than that recorded in hypocotyl cells (see above). In fact, the maximal depolarization of the pulvinar cells occurred 3-5 min after a blue-light pulse, the time at which protoplast shrinkage was maximal. Furthermore, the depolarization induced by continuous stimulation was sustained during the stimulation (Nishizaki 1987) ; the time course was again similar to that of protoplast shrinkage. The close kinetic agreements between the response in membrane potential and that in protoplast volume suggest that the two responses are directly related. The observed depolarization could be accounted for either by the activation of anion channels or the inhibition of H + -ATPase. It needs to be explained, however, why the extent of depolarization agrees with the extent of shrinkage (i.e. the net amount of ions extruded).
The transient depolarization was found in hypocotyls of etiolated seedlings Cosgrove 1989, Cho and Spalding 1996) . Because P FR is necessary prior to blue-light stimulation for the occurrence of the shrinking response in hypocotyl and stem protoplasts Iino 1998, Long and Iino 2001) , the membrane potential recorded in etiolated seedlings may not be directly related to the protoplast-shrinking response. In the red-light-adapted hypocotyls and stems used to isolate protoplasts, the membrane potential might indeed change as recorded in pulvinar motor cells or in temporal agreement with the protoplast-shrinking response.
Relationships with blue-light-sensitive leaf movement responses
The blue-light-dependent osmoregulation underlying the protoplast-shrinking response would result in a drop in turgor when expressed in the cells. It is anticipated that this osmoregulation plays a role in the blue-light-induced leaf movement that is based on turgor changes in pulvinar motor cells. The fact that the protoplasts of matured, non-growing pulvini retain the blue-light responsiveness, in contrast to the protoplasts of other tissues, is indeed suggestive of such a role. Furthermore, the unique property of pulvinar protoplasts found in the response to continuous stimulation might somehow be related to this role.
In S. saman, blue light induces photonastic leaf opening (Satter 1979) . In this plant species, plasma-membrane-located ion channels of pulvinar motor cells have shown some differences in their properties between the flexor and the extensor, possibly accounting for the photonastic movement as well as the movement controlled by a circadian clock (Lee and Satter 1989 , Kim et al. 1992 , Moshelion and Moran 2000 . Although our investigation is limited to one condition, no substantial difference could be found in the protoplast-shrinking response between the flexor and the extensor protoplasts (Fig. 5) . It is unlikely that the protoplast-shrinking response contributes to the photonastic movement, at least in the laminar pulvinus of P. vulgaris.
Koller and his coworkers used the trifoliate leaves of P. vulgaris to investigate the light-induced pulvinar bending. They demonstrated that the pulvinus of the terminal leaflet responds to blue light to show a positive phototropic bending (Koller and Ritter 1994, Koller et al. 1996) . When the pulvinus is irradiated with white light from above, its upward bending occurs by shrinkage of flexor cells and swelling of extensor cells (Koller and Ritter 1994) with movement of K + and Cl -from flexor to extensor cells (Irving et al. 1997) . The observed pulvinar bending includes a red-light-sensitive photonastic response in addition to the blue-light-sensitive phototropic response (Koller et al. 1996) . However, the observed changes in motor-cell volume probably represent the phototropic response, because this response is at least a few times greater than the photonastic response. The protoplast-shrinking response could theoretically explain the phototropic response because it is expected that, with the underlying osmoregulation, the motor-cell volume would decrease more on the irradiated side than on the shaded side. In agreement with this view, it has been shown that the blue light given from the flexor side depolarizes the plasma membrane in extensor cells, but to a lesser extent as compared to the depolarization in flexor cells (Nishizaki 1988) . However, if the phototropic response involves the motor-cell swelling on the shaded side as discussed above, the shrinking response alone cannot account for the phototropic response. This issue requires further investigations (see also Iino 2001) . Koller et al. (1996) observed that supplemental irradiation with far-red light inhibits the blue-light-induced phototropic bending in the terminal-leaflet pulvini of P. vulgaris. The interpretation of this effect was complicated by the fact that red light (and also far-red light) induces upward photonastic bending. It is possible that the effect of supplemental far-red light is related to our finding that the protoplast-shrinking response requires the preceding presence of P FR . The pulvinus developed a blue-light-induced phototropism within a period of 2 h. It is possible that the responsiveness to this blue light was determined by the P FR persisted during the dark adaptation period before blue-light stimulation. The inhibitory effect of the supplemental far-red light was rather small. In Arabidopsis protoplasts, the removal of P FR did not result in an immediate loss of the blue-light responsiveness (Wang and Iino 1998) . If this were the case in pulvinar protoplasts, then the supplemental far-red light would initially have little effect. The blue-lightsensitive phototropism of Phaseolus pulvini might be controlled by phytochrome as is the protoplast-shrinking response.
The protoplast-shrinking response is most likely mediated by a cryptochrome (see above). On the other hand, a distinct photoreceptor, phototropin, has been identified as the major photoreceptor responsible for the phototropism of Arabidopsis hypocotyls (Huala et al. 1997) ; there is evidence that phototropin generally serves as a photoreceptor for the phototropism of stems and coleoptiles (Briggs and Huala 1999) . Therefore, if the protoplast-shrinking response were involved in the phototropism of pulvini, it would become the case that the photoreceptor for this phototropism is distinct from that for the phototropism of hypocotyls and other organs. This interesting possibility, together with the issue whether the phototropic response of pulvini includes swelling of motor cells on the shaded side, would warrant further study.
Materials and Methods
Plant material
Seeds of Phaseolus vulgaris L. (cv. Ohhirasaya-shakugosun; Takii and Co., Kyoto, Japan) were sown in pots filled with wet vermiculite and cultured in a growth cabinet (Biotron LPH-200-RDS; Nippon Medical and Chemical Instruments Co., Osaka, Japan) under 12-h light/12-h dark cycles at 23°C and 65% relative humidity. Plants were amputated with razor blades so that a pair of first leaves are the only ones allowed to expand in each plant; the shoot was decapitated at the base of the second internode when the internode elongated to a length of 5-10 mm and the lateral buds which developed after decapitation were similarly removed. In the amputated plants, first leaves could be grown for long periods without being shaded by the upper leaves (cf. Iino et al. 2001) .
In our standard experiments, plants were used 18 d after sowing. In some experiments, younger 12-day-old plants were used for comparison. The leaves exhibited normal nyctinastic movement until used for experiments.
Protoplast preparation
At a time between h 4 and 6 of the light period, segments of pulvini or petioles were excised with a razor blade under laboratory lighting. For pulvini, nearly the entire part (about 2.5-mm long) was used; each excised pulvinus was bisected, the central part containing vascular tissues was removed, and the segments were sliced at intervals of about 0.5 mm. For petioles, only the 5-mm-long zone adjacent to the pulvinus was used; the segments were sliced similarly, but without removing the vascular tissues. The freshly harvested tissue slices, obtained from 4-6 leaves, were added to 5 ml of an enzyme solution containing 2% (w/v) cellulase RS (Yakult, Tokyo, Japan), 0.2% (w/v) pectolyase Y-23 (Seishin Pharmaceutical, Tokyo), 0.5 M sorbitol, 10 mM KCl, 1 mM CaCl 2 , 20 mM glucose, and 5 mM MES-Tris (pH 6).
The subsequent steps of protoplast preparation were carried out under red light (2-3 mmol m -2 s -1 ) in a light-tight room maintained at 25±0.5°C. The tissues added to the enzyme solution were vacuum infiltrated (730-750 mmHg for 8 min) and digested for 2 h on a rotating shaker (60 rpm). The mixture was subsequently filtered through a nylon mesh to remove tissue debris and centrifuged at 110´g for 10 min. The sedimented protoplasts were washed by suspending them in 6 ml of a bathing medium containing 0.5 M sorbitol, 10 mM KCl, 1 mM CaCl 2 , 20 mM glucose, and 5 mM MES-Tris (pH 6.0) and centrifuging them at 110´g for 8 min. In the case of pulvinar protoplasts, this washing procedure was repeated once again and the protoplast pellet was suspended in a small amount of the bathing medium (200-600 ml) to obtain the final preparation. Because the pellet of petiolar protoplasts contained much tissue debris, it was necessary to purify the protoplasts further. The pellet was suspended in 2 ml of the bathing medium and loaded, in a 10-ml test tube, on 3 ml of a 15 or 20% (v/v) solution of Percol (Sigma) containing other components identical to the bathing medium. After centrifugation at 110´g for 5 min, the protoplasts located at the interface between the Percoll solution and the loaded medium were collected. The protoplasts were then washed once by suspending them in the bathing medium and centrifuging them as described above. The sedimented protoplasts were suspended in a small amount of the bathing medium to obtain the final preparation. The density of pulvinar or petiolar protoplasts in the final preparation was approximately 2´10 5 protoplasts ml -1 .
Incubation and light treatment of protoplasts
The microscope system described in Wang and Iino (1997) was used to incubate protoplasts and to treat them with light. A 200-ml portion of the freshly prepared protoplast suspension was added to an allside clear quartz cuvette (base area 10´10 mm). The cuvette was covered with a glass coverslip and placed on the sample stage of an inverted microscope (IMT-2, Olympus, Tokyo). The objective lens used was of ´10 magnification (Dplan 10, Olympus). The microscope light was passed through a red interference filter (IF-BPF-640, Vacuum Optics, Tokyo) and a layer of red plate acrylic (No. 102; Mitsubishi Rayon, Tokyo). Unless otherwise specified, the protoplasts were continuously irradiated with this red light (50 mmol m -2 s -1
) from the beginning of incubation. The temperature on the microscope stage was maintained at 25±1°C.
To investigate the effect of blue light, protoplasts were treated with either a pulse of blue light or continuous blue light while being irradiated with the background red light. The blue-light source consisted of a projector (Kodak Ektagraphic III with EXR 300-W lamp) and a blue glass filter (No. 5-50, Corning, Corning, NY, U.S.A.). The experiments investigating the involvement of phytochrome included pretreatments with a period of darkness and a pulse of far-red light. The far-red light was obtained by passing the light from another projector through a far-red filter (2 mm thick, Delaglass, Asahi Chemical Industry, Tokyo).
All experiments were completed before the last h of the 12-h light period in which plants had been grown.
Measurement of protoplast volume
The change in protoplast volume was monitored as described previously (Wang and Iino 1997) . Briefly, the protoplasts in a selected microscopic field were photographed at 1 or 3 min intervals on Kodak technical pan film, using a camera (SC 35, Olympus) attached to the microscope. Typically, photography continued for defined periods before and after the onset of blue-light treatment. The protoplast images recorded on negative film were magnified by means of a slide projector. The magnification was about 1,500 times the actual protoplast size in length. The diameters of the same protoplasts in a series of photographs were recorded and determined with a digitizer (KD1210, Graphtec, Tokyo). The volume of each protoplast at a given time was calculated from the diameter on the assumption that the protoplast was spherical in shape. The calculated volume was expressed as the percentage of the volume at a defined time, which in many cases was the onset of blue-light stimulation.
The actual size of protoplasts varied considerably. For the volume analysis, protoplasts were selected for roundness and clarity of the margin, but not for their size. The initial volume of analyzed protoplasts ranged from 5´10 3 to 75´10 3 mm 3 (pulvinar protoplasts) or from 5´10 3 to 120´10 3 mm 3 (petiolar protoplasts, isolated from either 12-or 18-day-old plants).
Chemical treatments of protoplasts
The plasma membrane H + -ATPase inhibitor, vanadate, and the anion channel inhibitor, NPPB, were used. Vanadate was prepared from vanadium oxide (Aldrich) as described by Gallagher and Leonard (1982) . The stock solution of NPPB (BIOMOL Research Laboratories, Plymouth Meeting, PA, U.S.A.) was prepared at a concentration of 20 mM in ethanol. The vanadate-containing medium was used from the step of protoplast washing. The solution of NPPB diluted with the bathing medium was added to the protoplast suspension during incubation on the microscope stage.
